Results and Discussion
dered when substrates or products are bound. In the apo-form, this N-terminal helix occupies much of the volume of the ATP binding pocket ( Figure 3D ). IP 3 -3K Structure We have determined the structure of the catalytic doThe C lobe is formed by residues 254-265 and 330-461. It has an ␣ϩ␤ fold where a five-stranded anti-paralmain of human IP 3 -3K A (residues 187 to 461) in the apo-form and the holo-form (with either substrates or lel ␤ sheet with a 5-4-1-2-3 strand order forms the core of the lobe ( Figure 1B) . The ␤4 C and ␤5 C strands connect products in the active site). The kinase domain can be divided into three subdomains, an ␣ϩ␤ N-terminal subvia a kink to the small two-stranded antiparallel ␤ sheet, consisting of ␤4Ј C and ␤5Ј C , that extends beyond the ␤ domain that we will refer to as the N lobe, an ␣ϩ␤ C-terminal subdomain that we will refer to as the C lobe sheet core. The five-stranded ␤ sheet is stabilized by the three ␣ helices bracing the back of the lobe (␣1 C and a third ␣-only subdomain ( Figures 1A and 1B and Supplemental Figure S1 ). The N and C lobes and the and ␣2 C , which connect the ␤3 C and ␤4 C strands, and the C-terminal ␣3 C ). hinge connecting them are involved primarily in binding the nucleotide and metal co-factor, while the ␣-helical
The IP binding lobe has a well-defined, independent structure formed by a long insertion in the C lobe (resisubdomain is involved in Ins(1,4,5)P 3 binding and will be referred to as the inositol phosphate (IP) binding lobe. dues 266-329). This lobe, consisting of four ␣ helices (␣1 I -␣4 I ) forming a left-handed coil, emerges from the C There are two molecules in the asymmetric unit of the crystal that are related by a dyad axis (Figure 2) . lobe and connects strands ␤1 C and ␤2 C . The IP binding lobe interacts through its N-terminal portion with a subThe N lobe comprises residues 187-253 and is formed by four anti-parallel ␤ strands (␤1 N to ␤4 N ) and one ␣-helix structure formed in the C lobe by ␤4Ј C and the elaborate loop between ␤5Ј C and ␣3 C . This substructure provides (␣1 N ). The ␤ sheet has a strand order 1-2-4-3, with ␣1 N forming a crossover connection between ␤2 N and ␤3 N a support to the IP binding lobe through several interactions, including a salt bridge between Arg279 and Glu437. (Figure 1B ). The N-terminal residues form a small ␣0 N helix in the apo-form (residues 187-196) that is disor-
The IP lobe and the N-terminal residues of the construct are the most flexible portions of the enzyme, judging deleterious to proper folding of the enzyme. Moreover, this residue is not conserved in all IP 3 -3Ks. from the temperature factors. The IP binding lobe is partially disordered in one of the two molecules in the asymmetric unit (Figure 2A) .
InsP Binding The dimer in the asymmetric unit is formed by 2-fold Previous structural studies of phosphoinositide kinases symmetric contacts that include strand ␤3 C , the ␤2 C -␤3 C did not provide direct information about inositide bindloop and helix ␣2 I (Figure 2A) 
ATP Binding
The ATP binding cleft is situated between the N and C At physiological pH, it has been determined that the doubly ionized form of all three Ins(1,4,5)P 3 phosphates lobes, with the adenine moiety hydrogen bonded to the main chain of residues Gln249 and Leu251 (Figures 1A is important for interaction with IP 3 -3K, and this is consistent with the interactions that we see in the structure and 3). The hydrophobic pocket for the adenine and ribose is formed by residues from the hinge (Leu251 and (Yoshimura et al., 1999). The structure shows that a cluster of basic residues provides a positively charged pocket Leu252) together with residues from the N lobe (Phe198) and from the C lobe (Leu401 and Ile415, parts of the into which the Ins(1,4,5)P 3 fits ( Figure 3C ). Met316 forms a hydrophobic floor for this pocket against which the highly conserved GSSLL 401 and I 415 DFG motifs, respectively). The ribose oxygens of the ATP are hydrogen face of the inositol ring packs. The 1-phosphate interacts with Arg319, Tyr315, and bonded to the side chains of Lys336 and Asp262. Asp262 is in the signature D 262 xK motif fully conserved a water that makes three interactions with the enzyme. The importance of the 1-phosphate interactions is conamong members of the IPK family ( Figures 1A and 3A) . However, a D262A mutant retains significant activity sistent with the observation that the R319D and R319A mutations inactivate the enzyme ( Table 2 ). The presence ( Table 2 Figure S2 ). Lys264 probably the essentially wild-type activity of the K199A mutant (Table 2) suggests that the effect of the K199I mutation neutralizes the negative charge developed as the phosphate transfers to the 3-OH. Mutagenesis of Lys264 may have been due to this more drastic mutation being from the ␤1 C of IP 3 -3K ( Figures 4A and 4B) . Consequently, it appears that these lysine residues have a similar function. In contrast, the aspartate residues of the DxK motifs are neither spatially nor functionally ilarity of IP 3 -3K with PI3K is evident beyond what is revealed with PKs ( Figure 1C) . However, phosphatidylequivalent (Figures 4A and 4B) .
Concerning the lipid kinases, no further structural siminositol phosphate kinase II␤ (PIPKII␤) (Rao et al., 1998) shows additional structural similarity to IP 3 -3K in the ␥-phosphate position in the ATP to its final position in the product is supportive of a direct "in-line" mechanism C-terminal lobe ( Figure 1C ). This enzyme also has a predominately ␤ sheet C lobe, but the topology differs of phosphoryl transfer, as is the case for the PKA. Whether phosphoryl transfer proceeds along an assofrom IP 3 -3K. Like IP 3 -3K, PIPKII␤ has a shorter catalytic loop than the PKs ( Figure 4C) . PIPKII␤ also has a DxK 218 ciative or dissociative path awaits additional structural and biochemical data. motif that is analogous to the DxK 264 motif of the IP 3 3-Ks, and a Ser-Asp bridge between the SLL and DxK A key role in the IP 3 -3K catalytic mechanism is played by Lys264. This residue, which interacts with 3-OH in motifs is present in both enzymes. The similarity of key features suggests a close evolutionary relationship bethe substrate complex and with the 3-phosphate in the product complex, is likely also to facilitate nucleophilic tween the PIPKII␤ and IP 3 -3K.
The pocket to provide sufficient space to accommodate the Ins(1,4,5)P 3 and to establish the specific interactions with its phosphates (Supplemental Figure S3) . Both the Catalytic Mechanism The structures of the substrate and product complexes product and substrate complexes show similar differences with respect to the apo-enzyme. for IP 3 -3K suggest some aspects of a catalytic mechanism. The 3-OH of Ins(1,4,5)P 3 substrate is 3.7 Å from
The most striking conformational change induced by substrates/products is that the N-terminal portion comthe ␥-phosphate of the ATP and the nearest oxygen of the 3-phosphate of the Ins(1,3,4,5)P 4 product is 3.9 Å prising residues 187 to 196 becomes disordered, whereas it is a defined ␣-helix (␣0 N ) in the apo form ( Figure 3D ). from the ␤-phosphate of ADP. The proximity of the it is assumed that IP 3 -3K is a recent evolutionary elabooccupies the same hydrophobic pocket as the adenine ration on a more ancient IPK structure, which had either moiety of ATP, and it even makes a similar hydrogen IPmK activity, IP 6 -K activity, or both. In light of the inabilbond with the enzyme (NE1 Trp188 -CO Gln 249, Figure  ity of IP 3 -3K to generate PtdIns(3,4,5)P 3 , it appears that 3D). This residue is conserved among the IP 3 -3Ks.
IP 3 -3K evolved after PtdIns(3,4,5)P 3 had acquired a secHis194 is hydrogen bonded to the Asp416 in the ID 416 FG ond messenger function ) so that motif through its NE2, and this residue is conserved this inability is an important part of the IP 3 -3K biology. among most members of the IPK family. These intramo-A structure-based sequence alignment of IPKs relecular interactions interfere with access to key residues veals numerous common structural elements among for the enzyme catalysis and might be suggestive of a IPKs, and also some intriguing differences ( Figure 5 ). regulatory mechanism in the context of the full-length We propose that every major structural hallmark defined enzyme (see below).
for IP 3 -3K in the N lobe, IP lobe, and C lobe occurs in some form in all other IPKs. Indeed, secondary structure Regulation by Ca 5A) would be due to the considerably greater structural did not lead to an increase in basal activity, but rather constraints conferred by the additional helices in the IP caused a slight decrease in activity, possibly by enzyme lobe. Further specificity may be achieved by combinadestabilization (Table 2 ). This proposed autoinhibitory tion of negative selectivity due to C lobe residue Glu333, mechanism is reminiscent of that observed for Twitchin which is present only in IP 3 -3Ks and would prevent IPmK (Kobe et al., 1996) and for CaMKI (Goldberg et al., 1996) . and IP 6 -K activity ( Figure 5A ) and positive selectivity due These kinases also show an autoregulatory sequence to the 4-phosphate ligand Lys419, which is a histidine binding in the active site to block ATP and substrate in most other IPKs ( Figure 5C ). binding. We propose that a change in the accessibility
The high selectivity of IP 3 -3Ks contrasts with that of of the ATP binding pocket caused by release of the mammalian IPmKs, which in vitro exhibit kinase activity autoinhibitory region could contribute to activation of with at least seven different IP substrates and can cata- 
